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Abstract
We study properties of moduli stabilization in the four dimensional N = 1 su-
pergravity theory with heavy moduli and would-be saxion-axion multiplets including
light string-theoretic axions. We give general formulation for the scenario that heavy
moduli and saxions are stabilized while axions remain light, assuming that moduli are
stabilized near the supersymmetric solution. One can find stable vacuum, i.e. non-
tachyonic saxions, in the non-supersymmetric Minkowski vacua. We also discuss the
cases, where the moduli are coupled to the supersymmetry breaking sector and/or
moduli have contributions to supersymmetry breaking. Futhermore we study the
models with axions originating from matter-like fields. Our analysis on moduli
stabilization is applicable even if there are not light axion multiplets.
1 E-mail address: tetsutaro.higaki@desy.de
2 E-mail address: kobayash@gauge.scphys.kyoto-u.ac.jp
1 Introduction
Moduli stabilization in superstring theories compactified on the internal space is necessary to
determine physical parameters such as gauge couplings [1], Yukawa couplings [2, 3] and soft
supersymmetry (SUSY) breaking parameters [4] in the visible sector, and to evade the moduli
problem [5] and undesirable new forces [6]. As a consequence, it also can give several interesting
implications to particle physics [7, 8, 9, 10, 11, 12], through the KKLT proposal [13] or the
racetrack model [14].
The complex moduli fields in four dimension typically consist of scalars {φ} originating from
geometry of compactification space (e.g. its volume) and pseudo-scalars {a} coming from NSNS
or RR tensor fields. Even though all the scalars {φ} are stabilized, some of their partners
{a} can still remain light due to the shift symmetries: a → a + const. Therefore the latter
pseudo-scalars are often called string-theoretic axions [15, 16, 17] and can include the QCD
axion to solve the strong CP problem [18, 19, 20]1. The number of these axions are originally
determined by the topological property of compactified space, e.g. the Hodge numbers of Calabi-
Yau (CY) three-fold [21]. (See also for effective field theories [22, 23].) Because the numbers
can be much larger than of order unity, one can find many light string-theoretic axions through
the moduli stabilization, that is, the string axiverse [24]. The axions can have large axion
decay constants beyond the axion window [25]2 and can give influences on the cosmological
observations [24]. For instance, their misalignment angles and Hubble scale during inflationary
epoch are constrained and future observations of tensor modes and isocurvature perturbations
could suggest the evidence of the (non-)axiverse [26]. Of course, the relic abundance of the
axions should not exceed the observed matter density [27]. This will give interesting constraint
not only on the observations but also on the string models in terms of moduli stabilization.
Therefore our purpose is to study general framework of moduli stabilization leading to light
axions based on the N = 1 supergravity (SUGRA).
Besides string-theoretic axions, one often obtains light field-theoretic axions at low energy,
too. Thus, in general, the number of axions is estimated as [28]
(the number of axions) = (the number of fields)
+1− (the number of terms in the W ).
1 If we are to identify one of the axions with the QCD axion, the quality of the PQ symmetry needs to be
checked for solving the strong CP problem: δm2a . 10
−11(mQCDa )
2. Here axion mass δm2a is a contribution from
non-QCD effects, mQCDa ≈ Λ
2
QCD/fa is the QCD axion mass just from the instanton, fa is the decay constant of
the QCD axion and ΛQCD = O(100) MeV is the QCD scale.
2 In the LARGE volume scenario [9], one can find Mstring ≃ 10
11 GeV≪MPl = 2.4 × 10
18 GeV [16].
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Here W is the superpotential. This is because the Peccei-Quinn (PQ) shift symmetries of
fields and the R-symmetry produce candidates of the axions whereas independent terms in the
superpotential kill them, assuming the Ka¨hler potential K preserves these symmetries. Even
if the R-symmetry is broken explicitly, this estimate is consistent when the constant in the
superpotential is involved in the term ”the number of terms in the W”. Although we have
neglected vector multiplets which can become massive, they can also reduce the number of
axion candidates by absorbing them. When this counting becomes negative or zero, we do not
have any light axions. If there are very small terms violating PQ symmetries in W or K, they
give very light masses to the axions.
In this paper, we study the moduli stabilization scenario leading to light axions. We discuss
conditions to give heavy masses to all of real parts of moduli and leave some of imaginary parts
massless. One of important conditions is SUSY breaking, and the typical mass scale is the
gravitino mass m3/2. All of the real parts of moduli must have masses, which are larger than
the gravitino mass and/or comparable to the gravitino mass. On the other hand, light axions
masses are smaller and could be of O(mr+13/2 /M rp ) with r = O(1) or a few tens.
In Section 2, we will study the properties of non-supersymmetric vacua with light string-
theoretic axions. We will also give comments on closed string moduli which are directly coupled
to the SUSY breaking sector. In Section 3, we will study the string-theoretic R-axion and the
saxion-axion multiplet breaking SUSY. In Section 4, we will discuss corrections to the light
axion masses from small breaking terms of PQ symmetries in the superpotential and the Ka¨hler
potential. In Section 5, we will give comments on simple models of field-theoretic axions in terms
of effective field theories. In Section 6, we will conclude this paper. Our analysis on moduli
stabilization is applicable even if there are not light axion multiplets. In Appendix, several types
of moduli stabilization models are briefly reviewed. We will give a brief comment on the LARGE
volume scenario based on the recent work of the neutral instanton effect including odd parity
moduli under orientifold parity.
2 Light string-theoretic axions
In the following sections, we will consider moduli stabilization at low energy with the assumption
that irrelevant moduli are heavy by closed string fluxes [29]. The remaining moduli of our interest
can be stabilized via gaugino condensation [30] or (stringy) instanton effects [31]. Thus we study
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the superpotential below:
W = W (Φ) =W0 +
∑
k
Ak exp(−
∑
i
a
(k)
i Φ
i). (2.1)
Here W0 is a constant from the fluxes, {Φi} are heavy closed string moduli fields which are
stabilized by this superpotential and we use the unit MPl = 2.4 × 1018 GeV ≡ 1. We study the
possibility that we can have massless axions at this stage. The scalar potential is written by the
superpotential W and the Ka¨hler potential K,
V = VF
= eG[GIGJ¯G
IJ¯ − 3] (2.2)
= eK
[
KIJ¯(DIW )(DJW )− 3|W |2
]
,
where
G = K + log |W |2, DIW = (∂IK)W + ∂IW. (2.3)
Here, KIJ¯ = GIJ¯ denotes the inverse of the Ka¨hler metric KIJ¯ = ∂I ∂¯J¯K. F-terms and the
gravitino mass m3/2 are given as
F I = −eG/2GI = −eG/2GIJ¯GJ¯ , m3/2 = eG/2. (2.4)
We will focus just on VF for simplicity.
2.1 Light string-theoretic axions and saxion masses in the SUSY vacuum
In this subsection, we briefly review [16]. We study saxion masses in the SUSY vacuum with
light axions.
For instance, let us consider the superpotential with two moduli (T1, T2):
W =W0 +Ae
−a(T1+T2) ≡W0 +Ae−aΦ. (2.5)
One can find u ≡ T1−T2 is absent from the superpotential, that is, we have just one phase of Φ:
∂uW = 0. Then the imaginary part Im(u) is a massless axion whereas Re(u) may be stabilized
via the Ka¨hler potential K = K(Ti + Ti).
One can generalize this argument to the case with many axions. Chiral superfields are
classified into two classes. One class of fields uα(≡ τα+ibα) do not appear in the superpotential,
i.e.
∂W
∂uα
= 0, (2.6)
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while the fields Φi in the other class appear. Then, the imaginary parts of uα, i.e. bα are
string-theoretic axions, which have flat directions in the scalar potential for the form of Ka¨hler
potential, K(u+ u¯). We evaluate masses of the real parts of uα, i.e. saxions τα. In the SUSY
vacuum with stabilized moduli one finds
DiˆW = 0 for
∀ iˆ = (Φi, uα). (2.7)
For the fields uα, this leads to
∂K
∂uα
= 0 or W = 0. (2.8)
In this case, we find
〈∂τα∂τβVF 〉SUSY = 4eK |W |2
[
2K iˆ
¯ˆjKiˆ(α¯Kβ)¯ˆj − 3Kαβ¯
]
= −4eK |W |2Kαβ¯ ≤ 0. (2.9)
That is, every massless string-theoretic axion has undesirable massless saxion for W = 0 or
tachyonic saxion in the SUSY AdS vacuum for W 6= 0. This is because Kαβ¯ is the positive
definite matrix. Note that the term 4eK |W |2 · (−3Kαβ¯) comes from the vacuum energy. We
have used the property of perturbative moduli Ka¨hler potential,
∂ταK(Φ + Φ;u+ u) = 2∂uαK(Φ + Φ;u+ u) = 2∂u¯αK(Φ + Φ;u+ u). (2.10)
The tachyonic instability might not be problematic in the AdS vacuum because of the
Breitenlohner-Freedman bound [32]. At any rate, one should consider the SUSY breaking
Minkowski vacuum to realize the realistic vacuum, although one may need fine-tuning to uplift
the SUSY AdS vacuum to the Minkowski one. Hence, in the following sections, we will consider
the SUSY breaking effects and then one can see that the saxions become stable for vanishing
vacuum energy 3.
2.2 Light string-theoretic axions and the saxion mass in the SUSY breaking
Minkowski vacuum
Here, we study saxion stabilizaton in the SUSY breaking Minkowski vacuum with light axions.
As a SUSY breaking source, we consider a single chiral field X. We assume that moduli F -terms
Giˆ (ˆi = i, α) are smaller than GX and the cosmological constant is vanishing, 〈VF 〉 = 0, that is,
GXGX ≃ 3, GXGX ≫ GiˆGiˆ, (2.11)
3 One can also consider a non-perturbative effect on the Ka¨hler potential or D-term moduli stabilization which
means a gauge multiplet eats an axion multiplet to lift saxion direction.
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where GA = GAB¯GB¯ .
Here, we study the model, where the SUSY breaking sector X and moduli are decoupled in
the Ka¨hler potential K and the superpotential W . That is, we consider the following form of
the Ka¨hler potential and the superpotential
K = Kˆ(X,X) +K(Φ + Φ, u+ u), W = Wˆ (X) +W(Φ). (2.12)
Hereafter we will set KXX¯ = 1 at the leading order of XX. Note that ∂αW = 0 and GX¯ˆi =
K
X¯ˆi
= 0. When there is a large mass splitting between moduli Φ and X, KXi¯ 6= 0 would
be possible, but KXi¯ ≪ 1 would be necessary for the stable vacuum; KXi¯ = 0 would be
an appropriate approximation. A simple example of the SUSY breaking models has Wˆ = µ2X
[34, 35, 36, 37]4. At any rate, here we consider generic form of the SUSY breaking superpotential
Wˆ .
From the above assumption, one expects moduli Φi and uα are stabilized near the SUSY
solution,
KiW +Wi ∼ 0, Kα ∼ 0, (2.13)
such that one obtains heavier moduli masses than the gravitino mass m3/2 = e
G/2. In the SUSY
breaking vacuum with a vanishing cosmological constant, one finds the stationary condition:
∂IVF = GIVF + e
G[GI +G
K∇IGK ] = 0, (2.14)
which leads to
GAIGB¯G
AB¯ +GI −GAGB¯∂IGAB¯ = 0. (2.15)
Here I denotes X, i, α and ∇ is a covariant derivative with respect to the Ka¨hler metric. Since
GXi¯ = 0, the above equation becomes
√
3(GXX + 1) +GXiˆGj¯G
iˆ¯ˆj −GXGX¯∂XGXX¯ = 0 for I = X,√
3GXiˆ +GiˆjˆG¯ˆkG
jˆk¯ +Giˆ −GjˆG
¯ˆ
k∂iˆGjˆ ¯ˆk = 0 for I = iˆ. (2.16)
Here, we have used
GX = GX¯ =
√
3, (2.17)
4 There are also models including SUSY breaking moduli [38], but we will not consider such models since
subtle fine-tuning would be necessary.
because KXX¯ = 1 and eq. (2.11). Using GXα = 0, one finds in the vacuum
Gα = Kα = 1
2
GiˆG
¯ˆj∂αGiˆ¯ˆj . (2.18)
This means F -term of uα is suppressed unless there is mixing between (X,Φi) and uα. For X
and Φi, one can typically neglect sub-leading terms
GXiˆG¯ˆjG
iˆ¯ˆj ≪ 1,
Gi −GjˆG
¯ˆ
k∂iGjˆ ¯ˆk ≪
√
3GXi +GijˆG¯ˆkG
jˆ
¯ˆ
k, (2.19)
and one obtains
∇XGX ≃ −1, Gi ≃ −
√
3(G−1)ijGXj . (2.20)
Here (G−1)ij (i, j 6= α) is an inverse matrix of Gij = Kij¯ +Wij/W −WiWj/W 2. Thus one can
expect the shifts from the SUSY solution of Gi = 0 and Kα = 0 are given by
δΦi ∼ Kk¯l(G−1)il(G−1)k¯j¯GX¯j¯, δuα ∼ Kαβ¯GiGj¯∂β¯Gij¯ −Kαβ¯Kβ¯iδΦi. (2.21)
Here we have used typical results
∑
k¯⊃heavy moduliKik¯Kk¯j ∼ δji and
∑
γ¯⊃light moduliKαγ¯Kγ¯β ∼ δβα.
One will see these shifts can be suppressed by the heavy moduli masses squared as m23/2/m
2
Φi .
2.2.1 Masses for sGoldstino X and heavy moduli Φi
We evaluate masses of X and Φi. By differentiating eq.(2.14), we obtain in the vacuum
〈VIJ¯〉 = eG[GIJ¯ +∇IGK∇¯J¯GK −RIJ¯KL¯GKGL¯] + (GIJ¯ −GIGJ¯)VF ,
〈VIJ〉 = eG[2∇JGI +GK∇J∇IGK ] + (∇JGI −GIGJ)VF , (2.22)
where
RIJ¯KL¯ ≡ KIJ¯KL¯ −KIKA¯KA¯BKJ¯L¯B. (2.23)
Since we assumed that heavy moduli Φi are stabilized near the SUSY solution, one can neglect
GI term to calculate heavy moduli masses mΦi at the leading order of SUSY breaking effect.
For example, one expects
mΦi ∼ aiΦim3/2, (2.24)
for the KKLT-like stabilization [13] and
mΦi & (aiΦ
i)2m3/2, (2.25)
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for the racetrack model [14], which is viable even for W0 = 0. (See also Appendices A.2 and
A.4 for the KKLT-like stabilization and the racetrack model, respectively.) Here ai denotes the
most effective (or smallest) one in {a(k)i } appearing in the eq.(2.1) to the moduli mass mΦi . One
could obtain heavier moduli masses than the gravitino mass by fine-tuning the constant W0 in
the racetrack model [39].
In general, one expects mΦi ≫ m3/2 and mass squared matrix elements of the moduli Φ are
written as
Vij¯ ≃ eG[GikGj¯ l¯Gkl¯] ≡ Kij¯m2Φi , Vij ∼ 2eGGij ≡ 2Kij¯m3/2mΦi , (2.26)
that is,
Vij¯ ≫ Vij , (2.27)
for mΦi ≫ m3/2. Note that the mass
√
Vij¯/Kij¯ ≃ mΦi is the supersymmetric mass of modulus
Φi. In the above, we have used the following approximation,
Gij = Kij¯ +
Wij
W
− WiWj
W 2
≃ Kij¯ −KiKj +
Wij
W
≃ Wij
W
≡ Kij¯
mΦi
m3/2
,
GXi = −WiWˆX
W 2
≃ −(
√
3− KˆX)Ki ∼ Ki ≪ Gij ,
Gijk ∼ Wijk
W
− WijWk
W 2
∼ akKij¯
mΦi
m3/2
+KkKij¯
mΦi
m3/2
∼ akKij¯
mΦi
m3/2
,
GXij ∼ −WijWˆX
W 2
∼ −Kij¯
mΦi
m3/2
. (2.28)
We took the diagonal mass matrix Gij for simplifying the discussion here. Also one finds
Gi ∼ (3−
√
3KˆX)Kij¯Kj¯
m3/2
mΦi
∼ −(Φi +Φi)(3 −
√
3KˆX)
m3/2
mΦi
. (2.29)
For Gα with Kiα 6= 0 for any i, their values are estimated as Gα ≃ Kαi¯G¯i¯ ∼ Gi. Here we
have used no-scale like structure
∑
j¯⊃heavy moduliKij¯Kj¯ ∼ −(Φi + Φi) up to would-be small
perturbative corrections, though there is the small uα dependencies Kα ∼ 0. Note that the
contribution of eq.(2.28) to Vij can be comparable to supersymmetric case, but one still has
Vij¯ ≫ Vij. Thus, one can obtain the (perturbatively) stable minimum for proper values of the
moduli masses, mΦi . That is, by making Vij¯ larger than Vij , one can realize positive definite
mass eigenvalues for all of moduli around the SUSY solution Gi = 0. Indeed, by using the above
result, it is found the shift δΦi in (2.21) is suppressed by the factor, m23/2/m
2
Φi .
Next, we evaluate the mass of sGoldstino X. The sGoldstino acquires not the mass from
W but only SUSY breaking mass from the Ka¨hler potential because of massless Goldstino in
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the rigid limit. There is the necessary condition (not sufficient) for the stable SUSY breaking
vacuum, i.e. non-tachyonic non-holomorphic sGoldstino mass [38, 40]:
m2 = VIJ¯f
If J¯ = [3(1 + γ)σˆ − 2γ]m23/2 > 0, (2.30)
where
γ ≡ VF
3m23/2
, σˆ ≡ 2
3
−RIJ¯KL¯f If J¯fKf L¯, f I ≡
GI√
GKGK
. (2.31)
For γ = 0 one expects
m2 = 3σˆm23/2,
σˆ ≃ 2
3
−RXX¯XX¯ =
2
3
+KXXX¯K
XX¯KX¯X¯X −KXX¯XX¯ . (2.32)
For instance, let us consider the Ka¨hler potential with a heavy scale Λ≪MPl ≡ 1 [41, 35, 36]
Kˆ = XX − (XX)
2
4Λ2
+ · · · . (2.33)
Then one obtains
σˆ =
1
Λ2
+
XX
Λ4
+
2
3
> 0. (2.34)
Here 〈X〉 would be of O(Λ2) for the Polonyi model. For off-diagonal component VXX , so long as
GXXX and ∂XΓ
X
XX are of order unity in the Planck unit, one can find VXX = O(m
2
3/2) ≪ m2.
Thus, there would be the stable minimum. For string theories, Λ would correspond to the mass
scale of heavy field which is coupled to X, such as anomalous U(1) gauge multiplet mass [42]
which is comparable to the string scale, when X has the U(1) charge.
2.2.2 Masses for saxion τα
Here, we evaluate masses of saxion τα. One finds positive mass squared:
〈∂τα∂τβVF 〉 = 4eG
[
2Gαβ¯ − ∂iˆGαβ¯Giˆ − ∂¯¯ˆiGαβ¯G
¯ˆi +GiˆG¯ˆj∂α∂¯β¯G
iˆ¯ˆj
]
≃ 8eGGαβ¯ > 0.(2.35)
Here we have neglected the last three terms in the bracket, since when one obtains m3/2 =
eG/2 ≪ mΦi one can find
Giˆ∂iˆGαβ¯ ∼
m3/2
mΦ
Gαβ¯ . (2.36)
Again we have used no-scale like structure Kj¯Kij¯Ki = const. Then the last three terms in
eq.(2.35) are suppressed by m3/2/mΦ and (m3/2/mΦ)
2 respectively, compared to the first term.
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Instead of X, with the sequestered explicit SUSY breaking term Vlift = ǫe
2K/3 where ǫ =
3〈eK/3|W |2〉, one finds the similar results [17], 〈∂τα∂τβVF 〉 ≃ 4eGGαβ¯ and Gi ∼ (G−1)ijKj ∼
(Φi +Φi)m3/2/mΦi , i.e. mα ≃
√
2m3/2. Here we have neglected the term which is proportional
to KαKβ in 〈∂τα∂τβVF 〉. Note also that mass spectra of heavy moduli for such a case are similar
to ones discussed above.
2.2.3 Matrix elements
Here, we summarize the mass matrix. Including other matrix elements, one can find typically
Vij¯ ∼ eG
[
GikG
k
j¯ +GiXG¯j¯X¯
]
∼ eGGikGkj¯ ≃ Kij¯m2Φi ,
Vij ∼ eG [2Gij +GijX ] ∼ 2eGGij ≃ 2Kij¯mΦim3/2,
ViX¯ ∼ eG
[
GijG
j
X¯
+GiX
]
∼ eGGijGjX¯ ∼ KimΦim3/2,
ViX ∼ eGGjGXij ∼ m23/2
mΦi
mΦj
(Φj +Φj)Kij¯ ∼ Kim23/2,
VXX¯ ∼ −eGRXX¯XX¯ |GX |2 ≃ 3σˆm23/2, (2.37)
VXX ∼ eG
[
1 +∇X∇XGX +Gi(GXXi + ΓXXXGXi)
] ∼ m23/2,
Viτα ∼ eGGkiGjGkm¯Kαjm¯ ∼ m23/2
mΦi
mΦj
(Φj +Φj)Kijα¯ ∼ Kiα¯m23/2,
VXτα ∼ eGGiXGjGim¯Kαjm¯ ∼ (Φi + Φ¯i)Kiα¯m23/2
m3/2
mΦi
,
Vτατβ ≃ 8m23/2Kαβ¯ ,
where we have used
GXXi ∼ 2W
2
XWi
W 3
− WXXWi
W 2
− 2WXiWX
W 2
+
WXXi
W
∼ Ki, (2.38)
as well as ∂nXW . W . In general, VXX and ViX¯ could cause the vacuum instability even if
mΦi ≫ m3/2 and σˆ > 0. Based on these matrix elements one expects the conditions
Vij < Vij¯ , VXX < VXX¯ ,
ViX , ViX¯ <
√
Vij¯VXX¯ , Viτα <
√
Vij¯Vαβ¯ , VXτα <
√
VXX¯Vτατβ (2.39)
should be satisfied for the (meta)stability. For this case, so long as σˆ ≫ 1 one would obtain the
stable minimum. Then, the mass spectrum is summarized as
m2i ≃ m2Φi ≫ m2X± ≃ 3σˆm23/2, m2τα ≃ 4m23/2. (2.40)
At this stage, the axions bα are massless. Note that all of saxions τα corresponding to massless
axions have almost the same mass mτα = 2m3/2.
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Here, after the Goldstino is absorbed into the gravitino, the unnormalized axino masses are
given by
(ma˜)αβ = e
G/2
[
∇αGβ + 1
3
GαGβ
]
≃ eG/2Gαβ¯ . (2.41)
We have neglected Gα and Gi because they are of O(m3/2/mΦi) corrections.
2.2.4 F -term
In the above case, one can find
FX ≃ −
√
3m3/2,
F i
Φi +Φi
≃
√
3(
√
3−KX)m3/2
m3/2
mΦi
∼ F
α
uα + uα
. (2.42)
Here we used the result
Gi ≃ Gij¯Gj¯ , Gα ≃ Gαj¯Gj¯ , (i, j¯ 6= α), (2.43)
which leads to Gα ∼ Gi. Even if any uα are stabilized via D-terms, Kα ∼ 0, we gain F -term
of the uα through the off-diagonal Ka¨hler metric [43, 44, 45]. Note that if Gαj¯ = 0, one finds
Fα = 0 since Gα = 0 for such a case [46]. For string-theoretic axion(s) breaking SUSY, see the
Section 3.2.
2.3 Note on mixing between X and moduli and D-terms
For simplicity, we have discussed so far the case that the SUSY breaking field X does not couple
to moduli Φ for a simplicity. However, in string theories, it is natural that moduli are coupled to
the SUSY breaking sector via non-perturbative effects, so that one obtains much smaller scale
than the string scale. Now, let us consider the mixing between X and heavy moduli by replacing
Wˆ (X) in (2.12) as follows,
Wˆ (X,Φ) = f(X) exp[−
∑
i
aXi Φ
i
X ]. (2.44)
Here f(X) depends only on X. For instance one can consider the case that f(X) ∼ X [36, 37]
or f(X) ∼ X−1 [10]. Then, we consider the moduli stabilization with the superpotential,
W = Wˆ (X,Φ) +
∑
k
Ake
−
∑
i a
(k)
i Φ
i
X . (2.45)
We assume
aXi ∼ ai, (2.46)
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in the above superpotential, where ai is the most effective one to the moduli mass in a
(k)
i for
ΦiX . Then one can find
WXi ∼ −aiWX ≃ −ai(
√
3−KX)W. (2.47)
Also, one obtains for ΦiX
GXi =
WXi
W
− WiWX
W 2
≃ −(
√
3−KX)(aXi +Ki) . Gij ,
GXij ∼ WXij
W
− WijWX
W
∼ aXi aXj −Kij¯
mΦi
m3/2
∼ aXi aXj & Gij , (2.48)
GXXi ∼ 2W
2
XWi
W 3
− WXXWi
W 2
− 2WXiWX
W 2
+
WXXi
W
∼ Ki + aXi ,
and also we estimate
Gi ∼ (G−1)ijGjX ∼ Kij¯aXj
m3/2
mΦi
∼ a(Φ + Φ¯)2m3/2
mΦ
,
Gα ∼ Kαi¯G¯i¯ ∼ Gi. (2.49)
For metastability, one expects the conditions (2.39) should be satisfied.
Here, with the assumption that GXXX = O(1), one finds for Φ
i
X
Vij¯ ∼ eG
[
GikG
k
j¯ +GiXG¯j¯X¯
]
∼ Kij¯m2Φi + aXi aXj m23/2,
Vij ∼ eG
[
2Gij +GijX +G
kGijk
]
∼ Kij¯mΦim3/2 + aXi aXj m23/2 + aXi ajm23/2
mΦi
mΦj
,
ViX¯ ∼ eG
[
GijG
j
X¯
+GiX
]
∼ aXi mΦim3/2 + aXi m23/2,
ViX ∼ eG
[
GXXi + (1 + Γ
X
XX)GXi +G
jGXij
] ∼ aXi Kjk¯aXj aXk m23/2m3/2mΦj + aXi m23/2,
VXX¯ ∼ GiXGiX¯ − eGRXX¯XX¯ |GX |2 ≃ 3σˆRm23/2 +Kij¯aXi aXj m23/2,
VXX ∼ eG
[
1 +∇X∇XGX +Gi(GXXi + ΓXXXGXi)
] ∼ m23/2
(
1 +Kij¯aXi aXj
m3/2
mΦi
)
,
Viτα ∼ eG
[
Giα¯ +GkiG
jGkm¯Kαjm¯
]
∼ Kjk¯Kijα¯aXk m23/2
mΦi
mΦj
+Kiα¯m23/2
∼ Kjk¯Kijα¯aXk m23/2 +Kiα¯m23/2,
VXτα ∼ eGGiXGjGim¯Kαjm¯ ∼ Kil¯aXi Kjm¯aXmKjl¯αm23/2
m3/2
mΦj
,
Vτατβ ∼ Kαβ¯m23/2(8 + aXi Φi
m3/2
mΦi
) ∼ Kαβ¯m23/2, (2.50)
where σˆR denotes only RXX¯XX¯ contribution in σˆ.
However, if the linear combination of aXi Φ
i
X were stabilized via a KKLT-like model, i.e.
DW |KKLT ∼ 0 and mi ∼ (aiΦiX)m3/2, one would obtain
GXGX ∼ GiGi, (2.51)
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in addition to ViX ∼ ViX¯ ∼
√
Vij¯VXX¯ for σˆR . a
X
i Φ
i
X , Vij¯ ∼ Vij and Viτα ∼
√
Vij¯Vτατβ . This
means the assumption that GX is the main source of the SUSY breaking is violated; KKLT
stabilization of aXi Φ
i
X and realization of the Minkowski vacuum can not be realized successfully
and the vacuum would be destabilized to the SUSY AdS one [36, 47, 48]. Even if the assumption
that ai ∼ aXi is violated, the uplifting to the Minkowski vacuum with KKLT stabilization of
aXi Φ
i
X would fail since there would be the runaway direction, e.g., for small X. Thus, the linear
combination of moduli aXi Φ
i
X , which are coupled to the SUSY breaking sector X, should be
stabilized via racetrack model [10, 36, 37]5, fluxes, or D-terms [49, 43], so that they gain much
heavier masses than the KKLT-type mass, mi & (aiΦ
i
X)
2m3/2 ≫ (aiΦiX)m3/2 ≫ m3/2. (See also
[28] for models in which there is the coupling between the SUSY breaking sector and the saxion-
axion multiplet. In the model, one finds also the saxion mass much larger than the gravitino
mass via the Ka¨hler stabilization.)
For D-term stabilization ∂ΦiK = 0, the moduli charged under anomalous U(1) symmetries
can become massive by U(1) symmetry breaking and the massive vector multiplet’s eating them,
even though ∂ΦiW = 0 if matter vevs become consequently irrelevant to the vector mass MV :
m2ΦX ≡M2V ≃ g2ηΦXηΦXKΦXΦX . (2.52)
Here ηΦX is the variation of ΦX under the anomalous U(1) andMV from ΦX can be comparable
to the string scale. Thus for such a case, one can find SUSY breaking Minkowski vacuum, i.e.
via F-term [50] or D-term conditions [49, 43], the superpotential W ∼ A0(Ψ)e−aiΦi + e−aXi ΦiXX
can be replaced by
W ∼ A0(〈Ψ〉)e−aiΦi + e−aXi 〈ΦiX〉X ≡ Ae−aiΦi + µ2X (2.53)
in the low energy limit. Here {Ψ} are open string modes. In the paper [43], when one obtains
the tiny Fayet-Iliopoulos term
M4V
3
≃ ξFI (2.54)
so that ΦX is absorbed into vector multiplet, one can find Minkowski vacuum due to the Polonyi
model in the low energy limit. Here ξFI = η
ΦX∂ΦXK is the Fayet-Iliopoulos term from moduli
ΦX . For such a case, F
ΦX ∼ ηΦXm3/2 ∼ 10−2m3/2 is obtained with D-term stabilization. (Note
that one may find M2V ≪ ξFI if ∂2ΦXK ∼ ∂ΦXK and ηΦX ≪ 1.)
5 For racetrack stabilization of ΦiX , the condition that ViX¯ <
√
Vij¯VXX¯ would be subtle for σˆR . a
X
i Φ
i
X .
However, one can find the stable vacuum in the concrete models.
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3 Approximate R-symmetry, R-axion and SUSY breaking mod-
uli
In this section, we study the model, which has an approximate R-symmetry and R-axion. We
also study the model, where SUSY is also breaking by moduli fields. Indeed, we show that both
models are investigated in the same way.
3.1 R-axion and SUSY breaking moduli
In general, a global U(1) R-symmetry is broken explicitly because string theory describes the
quantum gravity. Indeed, string models with the exact and global U(1) R symmetry have not
been found. For instance the constant W0 in the superpotential is easily obtained via flux
compactifications, but the value depends on the choice of the flux vacua [51]. Therefore at
a certain scale there may be an approximate R-symmetry accidentally in the SUSY breaking
sector and the moduli stabilization sector when one obtains W0 = 0 in the superpotential [52].
For example, the following superpotential,
W = Ae−aΦ, (3.1)
has the R-symmetry, where the field Φ transforms as Φ→ Φ− i 2aα under the R-transformation
with a transformation parameter α. Similarly, the racetrack model has the R-symmetry [53, 36,
54, 10] if one has more than two fields in the superpotential without W0. Thus, when Re(Φ) is
stabilized by the Ka¨hler potential for example, we obtain the so-called light R-axion.
Here, we consider the R-symmetric superpotential. Then one can rewrite the superpotential
including SUSY breaking sector X,
W = e−RW(X,Φ), (3.2)
where ∂RW = 0. Since R can include not only X but also moduli in the linear combination,
we call it string-theoretic R-axion. Only R transforms as R → R+ i2α under the R-symmetry,
while the others do not transform. Note that by the Ka¨hler transformation with holomorphic
function G,
K → K + G + G¯, W → exp[−G]W, G→ G, (3.3)
physics is invariant since the action is written by only the total Ka¨hler potential G = K +
log |W |2. Thus one can consider the following Ka¨hler potential K and the superpotential W ,
K = K(0) − (R+ R¯), W =W. (3.4)
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Here K(0) is the original Ka¨hler potential obtained from the dimensional reduction. Then one
finds
GR = KR = K
(0)
R − 1, GI = KI +
WI
W for I 6= R. (3.5)
Hence unless GR = 0, the R-axion is a source of the SUSY breaking. By Nelson and Seiberg
argument [55, 54], the existence of the R-axion means the SUSY breaking, provided the model
is generic and calculable. Hence we will also consider the SUSY breaking moduli with the
vanishing cosmological constant: GR 6= 0 and 〈VF 〉 = 0.
Because the differences between string-theoretic R-axion and string-theoretic axions u are
just that the Ka¨hler potential and their first derivatives as we saw, the following results are
applicable not only to the string-theoretic R-axion, but also to usual string-theoretic axions u,
which have non-trivial contributions to SUSY breaking.
3.2 SUSY breaking string-theoretic (R-)axions
Let us consider the Ka¨hler potential
K = Kˆ(X,X) + K˜(R+R) +K(Φ + Φ), (3.6)
with GR 6= 0. For simplicity we will study the case that the Ka¨hler potential is separable
and focus only on the SUSY breaking string-theoretic (R-)axion neglecting dynamics of heavy
moduli Φ. Note that the discussion in this section is applicable to an usual string-theoretic axion
u, which have non-trivial contributions to SUSY breaking.
One obtains the stationary condition with the vanishing cosmological constant:
∇XGX ≃ −1,
GR =
GR
K˜RR¯
≃ 2 1
ΓRRR
≃ 2 K˜RR¯
∂RK˜RR¯
(∇RGR = −GRR¯). (3.7)
For the second derivatives ∂I∂JVF , we obtain
VXX¯ = e
G(2−RXX¯XX¯ |GX |2), Vrr = 4eG(2K˜RR¯ −RRR¯RR¯|GR|2),
VXX ∼ eG, VrX = 0. (3.8)
Here we have denoted R = r + is. When one sets Kˆ as (2.33), one obtains
−RXX¯XX¯ ≃
1
Λ2
≫ 1. (3.9)
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With respect to the SUSY breaking (R-)axion, let us take the Ka¨hler potential below
K˜ ≡ −n log(R+R) + δ(R+R)− (R+R), (3.10)
and we write
K˜RR¯ ≡ n
[1 + ∆(R+R)]
(R+R)2 . (3.11)
Then, one can find
GR ≃ −(R+R)
(
1 +
1
2
(R+R) ·∆′
)
,
−RRR¯RR¯ ≃ −2n
1
(R+R)4
(
1 + ∆+
1
2
(R+R)2∆′′
)
, (3.12)
Vrr ≃ −4n(2∆
′ + (R+R)∆′′)
(R+R) e
G ∼ ∆K˜RR¯eG.
Here we used eq.(3.7) and ∆ would come from the construction effect of R from the original
moduli or the quantum effects of order gs and of order α
′ and would be expected as
∆ . O(1). (3.13)
This result is applicable to many scenarios including the SUSY breaking light (R-)axion
multiplet [9, 10, 53, 56]. For the above case, fine-tuning of the vanishing cosmological constant
leads to
|GX |2 +GRGR ≃ |GX |2 + n+O(∆) = 3. (3.14)
Then one should set
GX ≃
√
3− n+O(∆), (3.15)
where n > 0. Thus we obtain
FX ≃ −
√
(3− n) +O(∆)m3/2,
FR
R+R ≃ m3/2,
F i
Φi +Φi
≃ m3/2
m3/2
mΦi
. (3.16)
For n = 3, the sGoldstino is almost the SUSY breaking (R-)saxion.
Here non-holomorphic sGoldstino mass is given by
m2 = 3σˆm23/2,
σˆ =
2
3
− 1
9
(
RXX¯XX¯ |GX |4 +RRR¯RR¯|GR|4
)
(3.17)
∼ 2
3
+
1
9Λ2
(3− n)2 − 2n
9
+O(∆).
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Then so long as Vrr > 0, we would obtain positive definite mass matrix for n 6= 3
mX± ≃
m23/2
Λ2
, m2r =
1
2
Vrr
K˜RR¯
∼ ∆m23/2. (3.18)
For n = 3, one finds
mX± ∼ m23/2
(
1 +
∆
Λ2
)
, m2r ∼ ∆m23/2. (3.19)
Here, after the Goldstino is absorbed into the gravitino, the unnormalized axino masses are
given by
(ma˜)RR = e
G/2
[
∇RGR + 1
3
GRGR
]
≃ eG/2
[
−GRR¯ +
1
3
GRR¯G
RGR
]
(3.20)
≃ eG/2GRR¯
[
−1 + n
3
+O(∆)
]
.
For n = 3, SUSY breaking (R-)axino becomes the Goldstino, which is absorbed into the
gravitino.
We give a comment on the small mixing GRi = GRi¯ 6= 0 here. In many cases, there is
the off-diagonal Ka¨hler metric GRi = GRi¯ 6= 0 and the main source of the SUSY breaking
could be the overall (volume) modulus (n = 3) and it affects F -term of heavy moduli Φi if any:
Gi ∼ (G−1)ijGR∇jGR ∼ (Φi + Φi)m3/2/mΦi . Here we have used the explicit Ka¨hler potential
for the LARGE volume case in Appendix. However, as a consequence, the qualitative features
in this section include such scenarios. Thus the result in this section would be applicable to such
cases.
4 Corrections to axion masses
Axions bα are exactly massless at the previous stage. Here, let us consider small corrections
to the axion masses. These can be computed also in the SUSY vacuum, if the SUSY breaking
sector does not violate any continuous PQ symmetry of uα. Recall that only heavy moduli
should be coupled to the SUSY braking sector except the R-axion. For the small corrections,
shifts of the saxion masses are negligible.
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4.1 Superpotential correction
Here, we consider the correction term δW (Φi, u) to the previous superpotential (2.1). That is,
we study the following superpotential:
W =W(Φi) + δW (Φi, u), (4.1)
where
W(Φi) = W0 +
∑
k
Ak exp(−
∑
i
a
(k)
i Φ
i),
δW (Φi, u) =
∑
k
Bk exp(−
∑
iˆ
b
(k)
iˆ
Φiˆ). (4.2)
Recall that Φiˆ denote all of the moduli including Φi and uα. Hence, the termW(Φi) includes only
heavy moduli Φi, but not light axion multiplets uα, while δW (Φi, u) includes uα. We assume
Bk ≃ Ak = O(1). We would like to consider the situation that 〈W〉 ≫ 〈δW 〉. If any terms
Bk exp(−
∑
iˆ b
(k)
iˆ
Φiˆ) in δW (Φ, u) do not satisfy the condition, 〈W〉 ≫ Bk exp(−
∑
iˆ b
(k)
iˆ
〈Φiˆ〉), we
have to take into account such terms from the previous stage of moduli stabilization in sections
2 and 3 and include them inW(Φ). Then, some of u become heavy reducing the number of light
axions. Therefore heavy moduli should be coupled to saxion-axion multiplets in δW .
Then one finds the axion mass ma as [16, 26]
L = −Kαβ¯∂µbα∂µbβ − (m2a)αβbαbβ,
(m2a)αβ = 3e
K |W |2Re
(
δWαβ
W
)
, (4.3)
where δWαβ/W ≫ δWαδWβ/W 2 can be obtained in such vacua.
Now we parametrize δW/W , in particular, b
(k)
iˆ
〈Φiˆ〉 ln〈W〉. For that purpose, we choose a typ-
ical term, say, Aj exp(−
∑
i a
(j)
i Φ
i) inW, which represents the value of 〈W〉, i.e. Aj exp(−
∑
i a
(j)
i 〈Φi〉) ∼
W. Then, we use the following parameters,
rk =
∑
iˆ b
(k)
iˆ
〈Φiˆ〉∑
i a
(j)
i 〈Φi〉
. (4.4)
The parameters would satisfy rk > 1, because 〈W〉 ≫ 〈δW 〉. It is expected that rk is of O(1) or
could be a few tens. Using these parameters, we write Bk exp(−
∑
iˆ b
(k)
iˆ
Φiˆ) in δW as
Bk exp(−
∑
iˆ
b
(k)
iˆ
Φiˆ) ≃W
(
m3/2
MPl
)rk−1
. (4.5)
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Thus, the axion masses with the canonical normalization are given by
(m2a)αα ≃ 3
eK |W |2
Kαα¯
Re
(
δWαα
W
)
≃ 3 b
2
α
f2α
m23/2
(
m3/2
MPl
)rα−1
, (4.6)
if and only if the axion mass is positive definite. Here we have defined through the diagonalization
δWαα ≡ b2αδW, Kαα¯ ≡ f2α, (4.7)
where fα = O(Mstring/MPl) are diagonalized decay constants.
Once a small value of the gravitino massm3/2 is realized such asm3/2 ≪MPl, the hierarchical
axion masses with exponential suppression could appear. Some examples of mass scales are
shown in Table 1 for m3/2 = 1, 10 and 100 TeV up to b
2
α/f
2
α.
rα 3 5 7 9
ma for m3/2 = 1 TeV 10
−4 eV 10−19 eV 10−34 eV 10−50 eV
ma for m3/2 = 10 TeV 10
−2 eV 10−16 eV 10−30 eV 10−45 eV
ma for m3/2 = 100 TeV 1 eV 10
−13 eV 10−26 eV 10−40 eV
Table 1: Axion masses up to b2α/f
2
α.
We show several illustrating examples to lead to light axion masses in what follows.
• Example 0: R-axion mass
The small constant term in the superpotential induces the R-axion mass6,
W =We−R +W0. (4.8)
For W0 ≪We−R ∼ Ae−aΦ, one finds
m2a ∼ eK
W0Re(e
−RW)
KRR¯
(
KR
KRR¯
+O(1)
)
∼
m23/2
KRR
Re
(
W0
e−RW
)(
KR
KRR¯
+O(1)
)
. (4.9)
This result also coincides with the result of field-theoretic R-axion with e−R ≡ φ and
K = φφ even for larger W0 ≃ We−R . On the other hand, for W0 &We−R, one finds the
heavy R-axion like KKLT which is stabilized near the SUSY solution
m2a ∼ m23/2
(
KR
KRR¯
)(
KR
KRR¯
+O(1)
)
. (4.10)
Here one finds We−R ∼ KRW0 for the KKLT stabilization.
6 There will be also higer order terms from non-perturbative effects breaking the R-symmetry, such like ωe−2R
in the δW where 〈ω〉 ∼ 〈W2〉. But the discussion is similar to the case that W0 ∼ 〈ωe
−2R〉.
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• Example 1: SU(N +M)× SU(M) gaugino condensations or with an instanton (M = 1)
Let us consider the KKLT type superpotential [16, 57]:
W =W0 + e
−aΦ + e−b(u+Φ), a =
8π2
N +M
, b =
8π2
M
, N ≫M, (4.11)
where Φ is the heavy modulus and u is the light saxion-axion multiplet. In this case,
assuming 〈u〉 . 〈Φ〉, one obtains r ∼ N/M + 1 and the axion mass is estimated as
m2a ∼ 3
b2
f2
m23/2
(
m3/2
MPl
)N
M
. (4.12)
A similar result can be obtained in the racetrack model [26],
W = W0 + e
−a1Φ − e−a2Φ + e−b(u+Φ), (4.13)
a1,2 =
8π2
N1,2 +M
, b =
8π2
M
, N1 ∼ N2, N1,2 ≫M, (4.14)
when we do not fine-tune W0 as a special value.
• Example 2: Many gaugino condensations or instantons wrapping on multiple cycles (in
intersecting D-brane system)
Consider the superpotential with n+3 moduli; one is heavy modulus Φ and the remaining
n+ 2 multiplets include light axions uI
W = W0 + e
−aΦ +
n+2∑
i=1
exp[−bi(
n+2∑
I 6=i
uI)− bΦ], (4.15)
a ∼ bi for ∀ i, n≫ 1. (4.16)
In this case, if 〈ui〉 ∼ 〈Φ〉 for ∀ i , one finds r ∼ n+ 1 and the axion mass is estimated as
m2a ∼ 3
b2
f2
m23/2
(
m3/2
MPl
)n
. (4.17)
However, if 〈ui〉 ≪ 〈Φ〉 for ∀ i , one cannot obtain small axion masses; one needs a≪ b as
the previous example.
• Example 3: Including gaugino condensation on the magnetized brane
One may obtain the superpotential on the magnetized D7-branes or E3-branes wrapping
on the divisor D in type IIB orientifold:
W = W0 + e
−aΦ + Bˆe−b(u+Φ), Bˆ = B exp[−bM〈S〉]. (4.18)
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Here the constant M denotes M = 18pi2
∫
D F2 ∈ Z up to curvature term [58], F is the
world volume flux and 〈S〉 is the vev of the complex dilaton, which is fixed by three form
flux. In this case, if b〈S〉 ∼ b〈u〉 ∼ a〈Φ〉, one can find r ∼ M + 1 and the axion mass is
estimated as
m2a ∼ 3
b2
f2
m23/2
(
m3/2
MPl
)M
. (4.19)
A value ofM is weakly constrained via the tadpole condition of D3-branes in the F-theory
limit of the orientifold compactification [59]:
ND3 +
1
2
Nflux(M) = χ(Y4)
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. (4.20)
Here Y4 is an elliptically fibred Calabi-Yau four-fold. On the other hand, it would be
natural and more plausible that u &MS on the D7-brane, i.e. M = O(1). However, with
the T-dual description, the present case would also be plausible sinceM corresponds to a
winding number.
Thus, many models could lead to the hierarchical axion masses with suppression, r = O(1)
or a few tens.
4.2 Ka¨hler potential correction
Here, we comment on corrections to axion masses from the Ka¨hler potential. Suppose that
K = K(Φ + Φ) + δK(Φ,Φ), (4.21)
where δK(Φ,Φ) is a correction term and ∂δK∂bα 6= 0. Then one finds the axion masses [16]
(m2a)αβ = 3e
K |W |2 [−δKαβ¯ +Re(δKαβ)] . (4.22)
Here we have neglected O((δK)2) term in the vacuum. It is plausible that δK(Φ,Φ) would also
appear from non-perturbative effects such as
δK(Φ,Φ) =
∑
k
B′k exp(−
∑
iˆ
b
′(k)
iˆ
Φiˆ) + h.c. (4.23)
In this case, the hierarchical axion masses with exponential suppression would be obtained
similarly to the superpotential corrections.
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5 Comment on axions from matter-like fields
Here, we (briefly) study the superpotential including matter-like fields below:
W = W + δW, (5.1)
where
W ≡W0 +
∑
k
Ak(Ψ) exp(−
∑
i
a
(k)
i Φ
i),
δW ≡
∑
k
Bk(Ψ) exp(−
∑
i
b
(k)
i Φ
i). (5.2)
Here we omitted SUSY breaking sector and {Ψ} means matter fields (or open string moduli)
originating from the open string. We assume that the matter fields stabilized near the SUSY
solution KΨW ∼ WΨ. Let us focus on the light matter-like fields whose axionic parts are
massless while saxions are stabilized e.g. via F -term, D-term conditions or quantum radiative
corrections. At low energy they are written by
ΨP ≡ |〈ΨP 〉|e−ψP ,
Ak(Ψ) =
∏
P
|〈ΨP 〉|e−nkPψP , Bk(Ψ) =
∏
P
|〈ΨP 〉|e−mkPψP . (5.3)
Here some Ak or Bk can be constants. Consider linear combinations of ψˆ
p =
∑
P c
p
Pψ
P , i.e.
ψP =
∑
p(c
−1)Ppψˆ
p 7, such that one can find
∂W
∂ψˆp
= 0,
∂Ak(Ψ)
∂ψˆp
= 0 for ∀k, ∃p. (5.4)
We use the Ka¨hler potential at the tree level as
K =
∑
P
ZP (Φ + Φ¯)ΨPΨ
P . (5.5)
Then one finds at low energy [28]
K =
∑
P
ZP (Φ + Φ¯)|〈ΨP 〉|2e−(ψP+ψP )
≡ λp(ψˆp + ψˆp) + λpq
2
(ψˆp + ψˆp)(ψˆq + ψˆq) +O((ψˆ + ψˆ)3), (5.6)
where
λp = −
∑
P
(c−1)Pp|〈ΨP 〉|2, λpq =
∑
P
(c−1)Pp(c
−1)Pq|〈ΨP 〉|2. (5.7)
7 One can consider a linear combination including closed string moduli when matter-like fields are coupled to
light moduli via a non-perturbative effect. For simplicity we will not consider such a case.
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For simplicity, we set λp, λpq = const. in the vacuum, i.e. ZP = const. and would depend on
much heavier moduli vevs. If ZP depends on the moduli or there are mixings between ψ and Φ
in ψˆ, λp and λpq also have the dependence on the closed string moduli.
Then for axion multiplets one finds8
Gp = Kp = λp. (5.8)
Thus even if Gp = λp = 0 for axion multiplets ψˆ
p, because of λpq 6= 0 one finds
F p = eG/2KpqGq = e
G/2(λ−1)pqλq ∼ m3/2, (5.9)
which leads to FΨ/Ψ ∼ m3/2. This result is consistent with the stationary condition ∂pV = 0:
Gp +G
q∇pGq = 0, which leads to Gq = O(1).
Then the saxion masses can be found
〈∂ϕp∂ϕqVF 〉 = 4eG
[
2Gpq¯ − ∂rGpq¯Gr − ∂¯r¯Gpq¯Gr¯ +GrGs¯∂p∂¯q¯Grs¯
] ∼ eGGpq¯, (5.10)
where ψˆp = ϕp + iϑp. Whether 〈∂ϕp∂ϕqVF 〉 > 0 or < 0 depends on the model, but typical order
of the saxion masses are of O(m3/2) even though the masses can also receive the contribution
from D-terms of anomalous U(1) symmetries [45]. When there is the vanishing saxion mass at
the tree level, quantum radiative correction induces the mass smaller than m3/2 [60, 61, 43].
Note that from the assumption that ZP = const., one finds VϕpX = Vϕpi = Vϕpα = 0.
The axion masses induced by δW depend on the model, i.e. vevs of closed string moduli,
those of matter like fields or the power of polynomial of matter-like fields in the superpotential.
After the Goldstino is absorbed into the gravitino, the unnormalized axino masses are given by
(ma˜)pq = e
G/2
[
∇pGq + 1
3
GpGq
]
∼ eG/2Gpq¯. (5.11)
6 Conclusion and discussion
We have studied properties of low energy moduli stabilization in the N = 1 effective SUGRA,
which have heavy moduli and would-be saxion-axion multiplets. We have given general formu-
lation for the scenario, where heavy moduli and saxions are stabilized and axions remain light.
8 For light non-axion multiplets which have of O(m3/2) masses, they can be stabilized through the
superpotential (∂qW 6= 0) and have the similar properties to those of axion multiplets [43]. For instance one
can obtain Gq = Kq +
Wq
W
∼ λq. Here Wq ∼ KqW . Therefore ψˆ
ps can include such light non-axion modes.
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SUSY breaking effects are important. In the non-supersymmetric Minkowski vacuum, the stable
vacuum can be obtained even though there are light string-theoretic axions. In such a vacuum,
heavy moduli and saxions can be stabilized supersymmetrically. In particular, saxions can be
stabilized at the point Kα ∼ 0, while axions in the same multiplets remain lighter than the
gravitino mass m3/2. This scenario predicts the same number of saxions with the mass 2m3/2
as the number of light axions. Note that our analysis on moduli stabilization is applicable even
if there are not light axions in the vacuum.
When there are some moduli mixing the SUSY breaking source in the superpotential, such
moduli would also destabilize the vacuum. In order to avoid such a situation, we need quite
heavy masses for moduli. The moduli masses, which are generated in the KKLT-like model,
are not enough, but one needs heavier masses, which would be generated through the racetrack
model, D-term or closed string fluxes.
Alternatively, some moduli may contribute to SUSY breaking, e.g. the R-axion multiplet.
In this case, the saxion mass can be lighter than the gravitino.
We have studied the effective SUGRA theory to lead to the axiverse. Following our realiza-
tion, it is important to study further cosmological and particle phenomenological implications.
In addition, our scenario predicts the same number of saxions with the mass 2m3/2 as the
number of light axions. These saxions would also have important implications depending on
their masses, 2m3/2. For example, when m3/2 is around O(1) − O(100) TeV, the late time
entropy production by the vast number (∼ 100) of saxion decays into radiations much before
the BBN epoch can dilute harmful gravitino abundance [10] produced by decays of scalar fields
such as heavy moduli [62]. (See [33, 63, 64] for discussions of the dilution by the SUSY breaking
field X, which does not decay into gravitinos, based on the KKLT stabilization and see also
[65, 66] for the relevant discussions.) It is interesting to study other aspects of axions and/or
saxions following our realization of the axiverse.
We have discussed general aspects of low-energy effective SUGRA theory without fixing
explicit string models. It is important to study explicit string model building leading to our
scenario with moduli stabilization and light axions. We would study explicitly such string models
elsewhere.
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A Moduli stabilization models
Here we review several moduli stabilization models in type IIB Calabi-Yau O3/O7 orientifold
models.
A.1 D-term stabilization
We show the relevant part of the model of the D-term stabilization. This is the model with the
anomalous U(1) gauge symmetry and e.g. the blowing-up mode [67]
K =
1
2VE (M +M + V )
2, ∂MW = 0, (A.1)
where V is the anomalous U(1) vector multiplet and VE is the compactification volume in the
Einstein frame: 6VE =
∫
J ∧ J ∧ J , where J is the Ka¨hler form in the Einstein frame on the
Calabi-Yau three-fold. One can ignore matter-like fields, depending on the charge signature of
matter. Then one finds the minimum via SUSY conditionDMW = D = KM = (M+M )/VE = 0
and obtains the massive vector multiplet V˜ = (M +M + V ), where M is eaten by the gauge
multiplet. The mass of the vector multiplet is now given by gV−1/2E , where g is the gauge
coupling.
A.2 KKLT
We show the so-called KKLT model [13, 16] with
K = −2 log (VE) , W =W0 +
h1,1+∑
i
Aie
−aiT i , (A.2)
where W0 ≪ 1. Here, h1,1+ (h1,1− ) denotes the Hodge number of even (odd) parity moduli. To
realize the SUSY breaking Minkowski vacuum, we add the uplifting potential,
Vlift =
ǫ
V4/3E
, ǫ ≃ 3 |W0|
2
〈V2/3E 〉
. (A.3)
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In this case, one finds
Ti ≃ −1
ai
log(W0) ≃ 1
ai
log
(
MPl
m3/2
)
,
F Ti
Ti + Ti
≃ m3/2
aiτi
≃ m3/2
log
(
MPl/m3/2
) , (A.4)
where τi = Re(Ti). The gravitino mass and moduli masses are obtained as
m3/2 ≃
W0
VE , mi ≃ 2aiτim3/2. (A.5)
For one bulk volume modulus, we have
K = −3 log(T + T ), W =W0 + e−aT ,
Vlift =
ǫ
(T + T )2
, ǫ ≃ 3 |W0|
2
〈(T + T )〉 . (A.6)
In this model, anomaly mediation is comparable to F T /(T + T ). See also for generalization of
this scenario [68].
A.3 LARGE volume scenario
This is the model [9] with bulk moduli and blowing-up modes, whose Ka¨hler potential is written
as
K = − log(S + S)− 2 log
(
VE + ξˆ
2
)
, (A.7)
with
VE = (2τb)3/2 −
h1,1+ −1∑
i
(2τs,i)
3/2. (A.8)
Here, for simplicity we have neglected moduli redefinitions at 1-loop level. The superpotential
is written by
W =W0 +
h1,1+ −1∑
i
Aie
−aiT
i
s , (A.9)
where W0 = O(1), and the uplifting potential is added as,
Vlift =
ǫ
V4/3E
, ǫ ≃ |W0|
2
8〈log(VE)V5/3E 〉
. (A.10)
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Note that 1/(2πgs) = Re(S). We can consider vanishing Standard Model (SM) cycle moduli
or odd parity moduli with D-term stabilization: K = 12VE (T + T )
2. One can consider the K3
fibration model: VE = τb,1τ1/2b,2 −
∑h1,1+ −2
i τ
3/2
s,i together with loop corrections to fix bulk moduli.
Let us consider the simplest case, h1,1 = h1,1+ = 2. In this case, we have
VE ≃ τ3/2b ∼ easτs , τ3/2s ≃ ξˆ,
F Tb
Tb + Tb
≃ m3/2,
F Ts
Ts + Ts
≃ m3/2
log
(
MPl/m3/2
) . (A.11)
Here, one finds
m3/2 ≃
W0
VE , mb ∼ m3/2
(
m3/2
MPl
)1/2
, ms ∼ log(VE)m3/2, (A.12)
with VE ≫ 1. Note asτs ∼ log(VE) ∼ log
(
MPl/m3/2
)
and Tb is the SUSY breaking saxion
similar to the case [56], whereas the axion is not couple to the visible sector. Tb is an almost
no-scale model modulus, while Ts is a KKLT like modulus. In this model, anomaly mediation
could be suppressed compared to F T /(T + T ) by V−rE , where r is a fractional number.
A.3.1 Modified original LARGE volume scenario
Note that one can consider the model such like the original scenario with an additional odd
parity moduli instead of vanishing the SM cycle on the D7-branes, i.e. h1,1+ = 2 and h
1,1
− = 1 and
we will discuss the neutral stringy instanton or gaugino condensation under the anomalous U(1)
symmetries on the brane with world volume flux [69]. This is the case in contrast to the paper
[70] and is similar to the heterotic case [71]. Then, the Ka¨hler potential and the superpotential
are written by
K = − log(S + S)− 2 log
(
VE + ξˆ
2
)
, W =W0 +Ae
−a(T++qG+hS), (A.13)
where
VE = (2τb)3/2 −
(
2τ+ +
(G+ G¯)2
(S + S¯)
)3/2
. (A.14)
Here G is the odd parity Ka¨hler moduli and note that in general odd parity moduli {G}
necessarily follow even parity moduli {T} in the world volume of the brane. Then we took
only the leading term of summation of instanton configuration for simplicity. In addition, the
gauge kinetic function of the SM sector is written by
fSM = T+ + qSMG+ hSMS. (A.15)
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Again we neglect moduli redefinitions at 1-loop level. Here we assume that non-perturbative
superpotential comes from the E3-brane instanton wrapping on the divisor DE with the flux.
h, q, hSM and qSM depend on the flux on E3-brane and the visible sector D7-branes wrapping on
DSM holding not only the SM gauge group but also the anomalous U(1) symmetry respectively.
DE and DSM map to DE′ and DSM ′ respectively under orientifold action; DE and DSM include
both even and odd elements, e.g. [D+E,SM ] = [DE,SM ] + [DE′,SM ′ ] and [D
−
E,SM ] = [DE,SM ] −
[DE′,SM ′ ], where [D] is the Poincare dual of D. Here we take triple intersection dbbb = d+++ =
d+−− = 1 for simplicity. Now the presence of G means there can be an anomalous U(1)
symmetry; both T+ and G should be charged under the anomalous U(1) symmetry:
δG = iQG = i
N
8π2
, δT+ = iQT = −i N
8π2
(F−DSM + F+DSM ). (A.16)
Here N is the number of the D7-branes and F = F−DSMω−+F
+
DSM
ω+ is the internal world volume
flux relevant to the anomalous U(1) on the visible sector D7-branes, where F+ = b+ + F+ and
b+ = 0 or 1/2 and ω− ∈ H1,1− (CY ), ω+ ∈ H1,1+ (CY ) are (pull-back on the SM cycle of) the
harmonic two-cycle basis on the CY space9. Here we took all the wrapping number of the D7-
brane and E3-brane against the even or odd cycle unity: C+E = C
−
E = C
+
DSM
= C−DSM = 1 in the
notation of the paper [69]. Therefore, the following condition,
q = F−DSM + F+DSM , (A.17)
should be satisfied for the neutral superpotential in this simple case10. The D-term potential is
given by
VD =
1
2Re(f)
D2A, DA = QT∂TK +QG∂GK =
N
8π2
(−q∂TK + ∂GK), (A.18)
up to matter-like fields. If all the gauge couplings including the U(1) symmetry are gauge
invariant as the above simple case, the U(1) can become non-anomalous; one should include
matter. Otherwise, the U(1) is in general anomalous; one would be able to neglect matter. For
such a case, this model would have string theoretic axion, which is absorbed into the U(1) vector
multiplet. Define Φ ≡ T++ qG and u ≡ qT+−G. As a consequence Φ and u are stabilized near
SUSY solution without matter field vevs, DΦW ∼ 0 and DA ∝ Ku ∼ 0; one obtains the scalar
potential after integrating out u and Im(Φ):
V ≃ 2
√
2
√
φa2Aˆ2e−2aRe(Φ)
3VE −
4φaAˆe−aRe(Φ)W0
V2E
+
3W 20 ξˆ
2V3E
, (A.19)
9 b+ = 1/2 would be necessary because of the Freed-Witten anomaly [72] on the D7-branes wrapping on the
DSM and the E3-brane.
10 Here fSM could be also gauge invariant under the U(1) since we could have q = qSM ; the U(1) could be
non-anomalous. However, for instance, when there is a relation that C−DSM 6= C
+
E , or are fluxes depending on
the SM gauge group and the U(1), fSM is not necessarily invariant under the U(1): q 6= qSM and the U(1) is
generally anomalous.
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where Aˆ ≡ Ae−ahS . Here we have defined φ ≡ Re(Φ) − q2/8. Thus one would find m3/2 ∼ W0VE
and
〈VE〉 ∼ 〈τ3/2b 〉 ∼ ea(Φ+hS), 〈Φ〉 ∼
ξˆ2/3
2
+
q2
8
+ i
π
a
, 〈Re(u)〉 ∼ q〈Re(Φ)〉 − 1
4
(q3 + q),
mb ∼ m3/2
(
m3/2
MPl
)1/2
, mΦ ∼ aφm3/2 ∼ log(VE)m3/2, mu =MV ∼ Q
MPl√VE
,
F b
Tb + Tb
∼ m3/2,
FΦ
2φ
∼ q−1F
u
2φ
∼ m3/2
m3/2
mΦ
∼ m3/2
log(VE) , DA ∼ 0. (A.20)
Thus we find F T ≃ FΦ and FG ≃ 0. Here we have used DA ∼ (∂I ∂¯J¯D)F I F¯ J¯/M2V [73, 74, 50, 43]
and assumed that the anomalous U(1) gauge coupling and vev of the S are of O(1). One finds
in the vacuum Gu ≃ qGΦ, ∂Tb ∂¯Φ¯Ku ≃ −q∂Tb ∂¯u¯Ku and ∂Φ∂¯Φ¯Ku ≃ −2q∂Φ∂¯u¯Ku. Note also that
∂Tb ∂¯T¯bKu and ∂u∂¯u¯Ku are irrelevant
11 since one can obtain Ku ∼ 0 in the vacuum; there is be
a cancellation in the D-term at of O(V−2E ) at least. Detailed study of this model is beyond the
scope of this paper and we will leave it future work.
A.4 Racetrack model
This is the model [14] with bulk moduli and double gaugino condensations. The Ka¨hler potential
and the superpotential are obtained
K = −2 log(VE), W =W0 +
h1,1+∑
i
Aie
−aiTi −Bie−biTi , (A.21)
where W0 < 1. Here, we add the uplifting potential,
Vlift =
ǫ
V4/3E
, ǫ ≃ 3〈|W |
2〉
〈V2/3E 〉
. (A.22)
Then one finds via SUSY condition DiW ∼ ∂iW ∼ 0
Ti ≃ 1
ai − bi log
(
aiAi
biBi
)
,
F Ti
Ti + Ti
≃ m3/2
aibiT 2i
≃
m23/2
mTi
, mTi ≃ aibi(Ti + Ti)2m23/2. (A.23)
If one tunes W0 to obtain 〈W 〉 ∼ 0, moduli masses become much heavier than the gravitino
mass [39].
11 Suppose that DA ∼ Ku . V
−(1+1)
E ≪ V
−1
E . Then one can see ∂Tb ∂¯T¯bKu ≃ Ku/V
4/3
E . V
−(7/3+1)
E and
∂u∂¯u¯Ku ∼ Ku . V
−(1+1)
E and they are negligible.
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